Detailed kinetic models are important to describe the oxidation of hydrocarbon fuels. In the present study, a detailed kinetic models has been developed to simulate the combustion of natural gas in IC engine. The proposed models consists of 208 elementary reactions and 72 species. The rate of the production and sensitivity analysis of the proposed reaction models were carried out to visualize the effect of reactions on the formation of various pollutants. In the rate of production analysis, an absolute rate of production coefficients and the normalized rate of production coefficients were calculated for the reactions involved in the formation of pollutant species (CO, NO, NO 2 , & NH 3 ). In sensitivity analysis, normalized logarithmic sensitivity coefficients were determined the reactions of rates affects the output concentrations of the pollutant species. These two analysis were carried out for two temperatures ranges i.e. 1500 °C and 4000 °C under stoichiometric conditions (when ϕ=1.0).
INTRODUCTION
Combustion is a very complex phenomenon, characterized by interaction and competition of various physical and chemical processes. The correct description of chemical changes requires the application of reaction models consisting of several hundred or thousand reactions. Detailed combustion models are based on the measurements of the elementary gas phase reaction coefficients. The measurements have provided the temperature and pressure dependencies of the overoverall rate coefficient. The models of Warnatz 1 -2 have been used by many people, but were mainly created as illustrations in combustion modeling papers. Another widely used model is of MillerBowman NO model 3 which, like the Warnatz model, is now out of-date in many respects. The GRI model is used for the study of the oxidation of methane. This model is based on elementary reactions, where the combinations of the experimental and theoretically determined values are assigned to the rate parameters 4 . Other combustion models are available over the Internet
5
. These models can be used to simulate the combustion methane in internal combustion engines
6
. The kinetic models development and validation have been investigated by Mansha et al 7 . In the present study, a kinetic model has been developed to simulate the combustion of natural gas (used as CNG in automobile engines) and investigated using Rate of Production Analysis (ROP) and Local Sensitivity Analysis.
The sensitivity analysis methods for chemical kinetics have been reviewed by several researchers. For example; Rabitz et al focused mainly on the interpretation of sensitivity coefficients in reaction-diffusion systems 8 ; Turanyi applied the sensitivity analysis methods as tools for investigating the reaction kinetics problems. These studies have an almost complete list of publications on the application of sensitivity analysis in reaction kinetics up to 1989
The studies on the numerical comparison of the methods for the calculation of local sensitivities have been published by Radhakrishnan 10 -11 . Tomlin et al. have considered sensitivity analysis as one of the mathematical tools applied in combustion chemistry 12 . Several publications on sensitivity analysis are available 8, 12 -20 . The rateof-production analysis helps to determine the contribution of each elementary reaction in the kinetic model to the net production or destruction rates of a species.
In the present work, a reaction kinetic model has been developed to simulate the natural gas combustion in IC engine predicting the formation pollutants species. The proposed model was analyzed by Sensitivity Analysis and Rate of Production analysis to identify the reactions involved in the formation of selected pollutants species such as CO, NO, NO 2 and NH 3 .
MATERIAL AND METHODS
A detailed reaction model was developed by coupling (i) EXGAS hydrocarbon oxidation mechanism and (ii) Leeds NOx model 5 . The strategy adopted in the coupling of two reaction models is shown in Figure 1 . The coupling generated a model consisting of 935 reactions steps and 185 species. The EXGAS 21 model consisted of; (a) C 0 -C 1 -C 2 reaction base, (b) primary reaction model in which the species in the initial gas mixture are taken as the reactants and (c) secondary model which contains the reactions whose reactants are the molecular products of the primary model. The comprehensive model was reduced by using the chemical lumping techniques. In this model reduction technique, the reactions having similar reactants and product species are omitted.
The types of reactions number of species/radicals are given in Table 1 and Table 2 respectively. This reduction of a resulted model composed of 208 reactions and 72 species as given in Table 3 . Thermodynamic data (JANAF format) necessary in CHEMKIN is produced by THERGAS (built-in-module in EXGAS) automatically.
Chemkin 4.1.1 package was used for simulating the natural gas combustion using the proposed reaction model and to carry out the sensitivity analysis and the rate of production analysis. The rate of production analysis of the each kinetic model identified the reactions involved in the formation and consumption of major pollutants. In this analysis, the absolute rate of production (ROP) coefficient and the normalized rate of production coefficients were determined with selected simulation conditions of combustion (as given in Table 4 and Table 5 .
Similarly, the normalized (logarithmic) sensitivity coefficients were calculated as defined by the equation (5) using the Local Sensitivity solver in the Chemkin package. The results were plotted by the sensitivity bar charts for CO, CO 2 , NO, NO 2 and NH 3 . The input keywords for the input parameters, solver and outputs for the rate of production and sensitivity analysis are given in Table 3 .
RESULTS AND DISCUSSION
This automatically simplified model consists of 208 elementary reactions and 72 species. Mostly the reactions are of primary type including unimolecular initiations, bimolecular initiations, beta-scissions, oxidations, branching, metatheses and combinations.
The simulation study of natural gas combustion with a proposed kinetic model shows that the maximum peak temperature and pressure was achieved when equivalence ratio (Fuel/air) was ≈1.3, compression ratio of ≈10.51, engine speed of ≈ 3000 rpm and initial inlet temperature of ≈1000 °C. The cycle variation in the cylinder pressure and temperature is shown in Figure 2 .
The rate of production analysis of the proposed model (Table 3 ) was carried out using the input variables as given in Table 4 to Table 6 to identify the reactions of the model contributing to the formation of gaseous pollutants (NO, NO 2 , MH 3 and CO). The normalized rate of production coefficients of each reaction contributes to the formation of the pollutants. The total rate of production Figure 3 . Variation of rate of production of CO at extreme temperatures of T=1500 °C and T=4000 °C in IC engine for equivalence ratio ≈1.0 Table 3 . Detailed Kinetic Reaction Model for Natural Gas Combustion in IC Engine (net value of the absolute rate of production or consumption) of each selected pollutants during the engine cycle and plotted versus crank rotation angle as shown in Figure  3 to Figure 6 for CO, NO, NO 2 and NH 3 , respectively. The total rate of production (mole/cm 3 -sec) was calculated at two ranges of temperature of 1500°C and 4000 °C. The effect of temperature variation on the contribution of each reaction in emissions is clear (from the values of Normalized ROP coefficients) from the formation and consumption profiles (Figure 3 to 6) for each pollutant. The variation in the pattern of each profile of both of the temperature ranges is correlated with the reactions and their contribution to the total rate of production. It is clear from each profile that the formation of each pollutant occurs during the combustion process after the compression stroke. Figure 4 . Variation of rate of production of NO at extreme temperatures of T=1500 °C and T=4000 °C in IC engine for equivalence ratio ≈1.0 Table 7 shows the reactions involved in the formation or consumption of each pollutant at 1500 °C and 4000 °C and their normalized rate of production coefficients and the absolute rate of production coefficients. In the last column of Table 6 the reference number of the reaction designated in the model shows. According to the data, it is predicted that the reaction HNCO+M<=>NH+CO+M (0.98) significantly contributes to the formation of CO at 1500 °C and the reaction NCO+M<=>N+CO+M (0.907) produces more CO at 4000 °C. Similarly nitric oxide (NO) is formed from reactions NO+M<=>N+O+M (0.905) and N+OH=>NO+H (0.712) of the model at 1500 °C and 4000 °C, respectively in the IC engine simulated under the given conditions. The only reaction NO 2 +H<=>NO+OH take part in the formation of other important component of NO x at 1500 °C and 4000 °C.
When the local sensitivity analysis of this automatically simplified kinetic model (Table 3 ) was carried out, we were able to identify that the reactions of the rates have influence on the formation of gaseous pollutants including nitrogen, containing compounds (NO, NO 2 and NH 3 ) Table 5 . Typical Engine Geometrical Input Parameters and Gas Mixture Composition and carbon oxides (CO & CO 2 ). The sensitivity bar-plot for each of the said pollutants is shown in Figure 7 to 11 respectively for CO, CO 2 , NO, NO 2 and NH 3 . In these plots, normalized logarithmic sensitivity coefficients were calculated at the condition mentioned for the each of the reaction step. In Figure 7 , the sensitivity of CO concentrations towards some important reaction rates is shown. This plot illustrates that the dominant reactions are O2+N<=>NO+O O 2 +CN<=>NCO+O for the formation of carbon monoxide in the combustion chamber of IC engine at 1500 °C and 4000 °C. These reactions show positive sensitivity in the forwards direction. Similarly, the CO 2 sensitivity bar-plot predicts that sensitivity of CO 2 concentrations (Figure 8 ) are greatly affected by the reactions at the; AT T=1500 °C; NO+N=>N 2 +O (R-73) Figure 5 . Variation of rate of production of NO 2 at extreme temperatures of T=1500 °C and T=4000 °C in IC engine for equivalence ratio ≈1.0 Figure 6 . Variation of rate of production of NH 3 at extreme temperatures of T=1500 °C and T=4000 °C in IC engine for equivalence ratio ≈1.0 HNCO+OH<=>NH 2 +CO 2 (R-136) And at T=4000 °C N+OH=>NO+H (R-62) HNCO+OH<=>NH 2 +CO 2 (R-136) From the NO and NO 2 sensitivity bar-plots ( Figure 9 & Figure 10 ), it is predicted that NO & NO 2 concentrations are dominantly affected by the rates of the following reactions at 1500 °C and 4000 °C; -For Nitric Oxide (NO); the important reactions are; N+OH=>NO+H (R-62) and N 2 +O=>NO+N (R-74) which greatly affects the NO concentrations.
-For Nitric Oxide (NO 2 ); the NO 2 concentrations show sensitivity towards the following reaction; N+OH=>NO+H (R-62) CH 4 +CN<=>HCN+CH 3 (R-45) and NO 2 +H<=>NO+OH (R-84) at 1500 °C and N+OH=>NO+H (R-62), NO 2 +H<=>NO+OH (R-84) and NO+NH<=>N 2 O+H (R-75) at 4000 °C during the combustion of natural gas in IC engine.
Similarly, in Figure 11 sensitivity of NH 3 concentrations towards the most important reactions are shown at temperature of 1500 °C and 4000 °C. This sensitivity barplot shows that N 2 +O=>NO+N, N+OH=>NO+H and O 2 +N<=>NO+O
CONCLUSION
The rate of production analysis and sensitivity analysis of the proposed reaction model was carried out using Chemkin 4.1.1. The two analyses were carried out for stoichiometric conditions (ϕ=1.0) at 1500 °C and 4000°C to identify the reactions contributing the formation of pollutant species of NO, NO 2 , NH 3 , CO and CO 2 . The rate of production analysis revealed that different types of reactions are involved at both temperatures. The sensitivity analysis of the detailed kinetic model identified the reactions of reaction rates influenced the output concentrations of pollutants species. The rate of production analysis and sensitivity analysis indicate that the proposed reaction model is the representative reaction schemes of natural gas combustion in IC engines predict the pollutants species. 
